Y chromosomes are genetically degenerate in most organisms studied. The loss of genes from Y chromosomes is thought to be due to the inefficiency of purifying selection in nonrecombining regions, which leads to the accumulation of deleterious mutations via the processes of hitchhiking, background selection, and Muller's ratchet. As the severity of these processes depends on the number of functional genes linked together on the nonrecombining Y, it is not clear whether these processes are still at work on the old, gene-poor mammalian Y chromosomes. If purifying selection is indeed less efficient in the Y-linked, compared to the X-linked genes, deleterious nonsynonymous substitutions are expected to accumulate faster on the Y chromosome. However, positive selection on Y-linked genes could also increase the rate of amino acid-changing substitutions. Thus, the previous reports of an elevated nonsynonymous substitution rate in Y-linked genes are still open to interpretation. Here, we report evidence for positive selection in two out of three studied mammalian Y-linked genes, suggesting that adaptive Darwinian evolution may be common on mammalian Y chromosomes. Taking positive selection into account, we demonstrate that purifying selection is less efficient in mammalian Y-linked genes compared to their X-linked homologues, suggesting that these genes continue to degenerate.
Introduction
Old Y chromosomes, such as those in mammals, birds, and in Drosophila are genetically degenerate (Bull 1983) , containing few functional genes (e.g., Skaletsky et al. 2003) . It is thought that Y-linked genes accumulate deleterious mutations due to the reduced efficacy of purifying selection in the nonrecombining regions (reviewed in B. Charlesworth and D. Charlesworth 2000) . Deleterious mutations may be carried to fixation by linked advantageous mutations (''selective sweeps'') (Rice 1987) . Additionally, the selective elimination of deleterious mutations, causing ''background selection'' (Charlesworth, Morgan, and Charlesworth 1993) could accelerate the stochastic fixation of mildly detrimental mutations (B. Charlesworth and D. Charlesworth 2000) . Furthermore, selective sweeps and background selection reduce the effective population size (and therefore variability) of genes in evolving Y chromosomes, allowing the operation of ''Muller's ratchet'' (the stochastic loss of chromosomes with the fewest mutations) (B. Charlesworth and D. Charlesworth 2000; Gordo and Charlesworth 2000) . Both reduced genetic diversity and the accumulation of deleterious mutations were indeed reported for the young (10-20 Myr old) Y chromosomes of the white campion Silene latifolia (Guttman and Charlesworth 1998; Filatov et al. 2000; Filatov et al. 2001; Filatov and Charlesworth 2002; Matsunaga et al. 2003; Filatov 2005) and for the neo-Y chromosomes of Drosophila miranda (Bachtrog and Charlesworth 2002; Bachtrog 2003) , supporting these hypotheses.
With time, the accumulation of deleterious mutations, gene loss, and inability of Y-linked genes to adapt to a changing environment may lead to genetically degenerate Y chromosomes, similar to the mammalian Y. But what is the further fate of the gene-poor mammalian Y chromosome? Could the processes of Y degeneration continue indefinitely until there is nothing left? Only a few mammalian species exist without Y chromosomes (e.g., Ellobius lutescens [Fredga 1988]) , and the cause of the loss is unknown but may well represent the final stage of Y degeneration. It has been claimed that the loss of human Y-linked genes is inexorable and that it may lead to the extinction of the entire species because of the active role this chromosome plays in sex determination (Aitken and Marshall Graves 2002; Sykes 2003) . These claims seem unlikely to be true because the efficacy of each of the processes causing genetic degeneration depends on the number of functional genes linked together on the nonrecombining Y chromosomes (Charlesworth, Morgan, and Charlesworth 1993; Peck 1994; Orr and Kim 1998; B. Charlesworth and D. Charlesworth 2000; McVean and Charlesworth 2000) . With few functional genes surviving on the modern mammalian Y chromosomes (e.g., Skaletsky et al. 2003) , the per-chromosome deleterious mutation rate may be too low for background selection to operate (Charlesworth, Morgan, and Charlesworth 1993) , and adaptive mutations may also be too rare for selective sweeps to play a major role in the accumulation of deleterious mutations. In contrast to the drastic reduction of genetic diversity on the young S. latifolia Y chromosomes (Filatov et al. 2000; Filatov et al. 2001; Matsunaga et al. 2003) and D. miranda neo-Y (Bachtrog and Charlesworth 2002; Bachtrog 2003) , DNA diversity is only slightly lower on the human Y than on the X (Nachman 1998; Shen et al. 2000) . This is consistent with the hypothesis that, after 240-320 Myr of degeneration (Lahn and Page 1999) , the human Y may contain too few genes for the degeneration processes to actively proceed further. To address the question of whether the purifying selection is relaxed on the old mammalian Y chromosomes and whether degeneration may still continue, we analyzed the amino acid and synonymous substitution rates in three pairs of mammalian Yand X-linked genes.
Comparing homologous coding DNA sequences from several species, it is possible to infer selection from the ratio of divergence rates at nonsynonymous (K a ) and silent (K s ) sites. If purifying selection is eliminating most amino acid replacements before they fix in the population and become substitutions, then K a /K s will be much less than one, whilst positive selection at many codons should cause this ratio to exceed unity. If the efficacy of purifying selection on the Y chromosome is reduced, as suggested by theory (Felsenstein 1974; Rice 1996) , then the K a /K s ratio should be higher for the Y-linked genes, compared to the Xlinked homologues. Indeed, several studies have already reported an elevated number of amino acid substitutions in Y-linked (or W-linked) versus X-linked (or Z-linked) genes (Agulnik et al. 1998; Fridolfsson and Ellegren 2000; Wyckoff, Li, and Wu 2002; Bachtrog 2003) . However, there remains the possibility that positive selection was partly responsible for the increased K a /K s on the Y relative to the X. Adaptive nonsynonymous changes at a small number of sites would increase K a /K s , but the gene-wide average ratio would be kept below unity by purifying selection operating on the majority of codons. This possibility has not been addressed in the previous comparisons of the K a /K s ratios among the X-and Y-linked genes (Agulnik et al. 1998; Fridolfsson and Ellegren 2000; Wyckoff, Li, and Wu 2002; Bachtrog 2003) .
To estimate the relative impacts of adaptive and purifying selection on the homologous mammalian X-and Ylinked genes, we sequenced partial coding regions of three pairs of sex-linked genes, SMCX/SMCY, USP9X/USP9Y, and UTX/UTY, from up to 12 mammalian species. These sequences were analyzed using maximum likelihood models allowing for variable selective pressures across codons (Yang et al. 2000) . Unexpectedly, we detected positive selection in two out of three studied mammalian Y-linked genes, USP9Y and UTY. This suggests that positive selection on Y-linked genes is not uncommon and should be accounted for when inferring patterns of selection from substitution rates in X-and Y-linked genes. Furthermore, after correcting for positive selection, we demonstrate that purifying selection is still less efficient on mammalian Y-linked genes than their X-linked homologues-a sign that our Y may still be degenerating.
Materials and Methods

DNA Samples and Extraction
Preextracted DNA was obtained from the Corriel Cell Repository for the following species (genes successfully amplified and sequenced in parentheses): Lemur catta, ring-tailed lemur (SMCX, UTX, USP9X); Gorilla gorilla, gorilla (SMCX, UTX, USP9X); Ateles geoffroyi,black spider monkey (SMCX, SMCY, UTX, UTY, USP9X, USP9Y); Macaca fascicularis, crab-eating macaque (SMCX, SMCY, UTX, UTY, USP9X, USP9Y); Pongo pygmaeus abelii, orangutan (Sumatran) (UTX, UTY, USP9X, USP9Y); Pan troglodytes, chimpanzee (UTY); and Homo sapiens, human (UTX, UTY). In addition, DNA was extracted from tissue samples obtained from the Institute of Zoology, London, for the following species: Eulemur fulvus, brown lemur (SMCY, UTY, USP9X, USP9Y); Cheirogaleus medius, fat-tailed dwarf lemur (UTX); Leontopithecus rosalia, golden lion tamarin (UTX, USP9X); Presbytis entellus, hanuman langur (UTX); Colobus sp., black and white colobus monkey (UTX); Hylobates lar, lar gibbon (UTX, UTY, USP9X, USP9Y, SMCY); G. gorilla, gorilla (western lowland) (UTY, USP9Y, SMCY). Human, chimpanzee, and mouse sequences were obtained from GenBank unless specified otherwise above. Total genomic DNA was extracted using DNAzol reagent (Invitrogen).
Polymerase Chain Reaction, Cloning, and Sequencing Polymerase chain reaction (PCR) was carried out in 25-ll reactions using the following general recipe in which ''T 1 '' represents the primer-specific annealing temperature and T 2 is T 1 1 2°C: 95°C for 2 min 30 s; T 2°C for 30°C; 72°C for 3 min 30 s; 92°C for 20 s; T 1°C for 30 s; 72°C for 3 min; 33 cycles of steps 4-6; 72°C for 5 min; 7°C hold. Table 1 lists the primers used for PCR in each gene and also the internal primers where they were necessary. All primers were designed on GenBank human sequence using Vector NTI. Where PCR products were weak, or direct sequencing indicated multiple products, they were cloned into pCR plasmids using the TA cloning kit (Invitrogen, Carlsbad, Calif.) . EcoRI digestion was used to confirm the presence/absence of cloned inserts. Sequencing was carried out in 5-ll reactions using 2 ll of gel-extracted DNA for direct sequencing or 0.5 ll of plasmid from cloned DNA. The sequencing used the BigDye v3.1 kit (ABI, Foster City, Calif.) on an ABI3700 capillary sequencer. All sequences were covered in forward and reverse directions. For each gene, a single, multispecies ''contig'' was generated in Gap4 (Staden, Beal, and Bonfield 2000) using PreGap4 to feed in the raw ABI sequence files. Assembling one contig for all species automatically aligned the sequences, and divergent indels and site substitutions were revealed early on and could be checked either by simply referring back to the trace or by resequencing a piece of sequence if necessary. Novel sequences have been submitted to GenBank under accession numbers AY591386-AY591426 and AY699605-AY699606.
Sequence Analysis
Species consensus sequences were extracted from Gap4 with alignment gaps (indels) intact. In Proseq 2.9 
UTY_ÿ2 GCATGCTTTCAGAACTTCTGTTG (Filatov 2002) , coding sequences were assigned based on the human intron-exon structure given in GenBank. The USP9Y sequence from black spider monkey (A. geoffroyi) contained both a stop codon and, further downstream, a frameshift mutation. As the region sequenced for this study began in exon 36 of 46 and 70% of the coding sequence lies before this point (based on human sequence), we cannot be sure whether USP9Y is nonfunctional or just curtailed in this species. These were the only stop codons and frameshifts detected in the study, and this sequence was excluded from any analyses.
Maximum Likelihood Estimation and Likelihood Ratio Tests
The maximum likelihood estimates of various evolutionary models were calculated using the program codeml, a constituent of the PAML package (Version 3.14 beta, Yang 1997), and its notation is followed here: the K a /K s ratio is termed x, and model names are as in Yang et al (2000) and Swanson, Nielsen, and Yang (2003) . In what follows, when we refer to different codons within a gene, we mean different positions along the protein sequence and not every occurrence of a certain coding triplet.
Most codons in most genes are probably under purifying selection and have x , 1, while some genes may have few codons under positive selection (with x . 1). Using models allowing for several classes of codons with separate x ratios (Yang et al. 2000; Swanson, Nielsen, and Yang 2003) , it is possible to test for the variation of selective pressures across the codons and for the presence of codons under positive selection. The simplest model, M0, assumes a single x ratio for all codons and all the branches of the phylogeny. Fitting a single x ratio assumes that all the codons are under the same selective pressure and the estimated x averages across the codons. As only few codons in a gene may be under positive selection, while the rest of the gene is under purifying selection, the average x is likely to be below 1 despite the action of positive selection on the gene. Thus, estimating a single x ratio is an extremely conservative approach to test for positive selection. Adding another class of codons with a separate x 1 may better describe the distribution of x across codons. Model M3 allows for two or more classes of codons with separate x ratios (Yang et al. 2000) . The program codeml was used to calculate the likelihood of each model separately, for example, L(M0) and L(M3) and a likelihood ratio test (LRT) were used to test if the more general model M3 fits the data better than M0. Under the null hypothesis, that M3 does not improve the fit of the model to the data, compared to model M0, the log-likelihood ratio, 2DL 5 2[ln L(M0) ÿ ln L(M3)] is v 2 distributed with degrees of freedom equal to the difference in number of parameters between the two models (Yang et al. 2000) .
The significantly better fit of M3, compared to M0 indicates heterogeneity of x among codons within the coding region of a gene. To test for the presence of a class of codons under positive selection (x . 1), we used models M14 and M15 (Swanson, Nielsen, and Yang 2003) . M14 fits a beta distribution, which may be unimodal, bimodal, or flat, in the interval 0 x 1 but does not allow any class of codons to have x . 1. M15 features an equally limited distribution but allows for an additional class of codons with x . 1. For the M14/M15 test, the P value of the LRT is half that obtained from the normal v 2 statistic with one degree of freedom (Swanson, Nielsen, and Yang 2003) .
The models above were devised to detect positive selection but do not allow testing of whether purifying selection differs significantly among the lineages. To test whether the Y-linked genes are less constrained by purifying selection, compared to the X-linked homologues, we compared a null model with a single x ratio across the tree to the model with separate x x and x y ratios for the X-and Y-linked branches, respectively. The two models were compared using a LRT, assuming that under the null hypothesis of no difference between the two nested models the test statistic, 2DL 5 2[ln L(model_1) ÿ lnL(model_2)] is v 2 distributed with degrees of freedom equal to the difference in number of parameters between the two models (Yang 1998) . For this analysis we used a combined tree for all the X-and Y-linked sequences for every gene (e.g., as shown in fig. 2 ) to calculate the likelihood under the two models. This test assumes a single x ratio across codons, hence its results are equivalent to the previous comparisons of the K a /K s ratios among the X-and Y-linked genes (Agulnik et al. 1998; Fridolfsson and Ellegren 2000; Wyckoff, Li, and Wu 2002; Bachtrog 2003) and suffer from the same problem-averaging across the codons may bias the x ratio upwards if some codons evolve under positive selection. Thus, a model with variable x ratios across codons has to be used to account for the possibility of positive selection.
To test whether purifying selection is relaxed in the Ylinked, compared to the X-linked gene, taking into account variable selective pressures across the codons, one needs to use a model which allows for several classes of codons and lineage-specific x ratios (e.g., x 0X , x 0Y , x 1X , and x 1Y ), the so called ''branch-site model.'' Two branch-site models have been implemented in codeml (Yang and Nielsen 2002) ; however, the tests using these models appear to be too liberal and unreliable (Zhang 2004 ). Instead, we followed a parametric bootstrap approach to generate a distribution for the x 0X , x 0Y , and the proportion of codons falling into the x 0 class under the M3 model with two site classes. The bootstrapping was conducted using a Perl script, which generated 1,000 pseudoreplicates bootstrapping across the codons. Each ''column'' of the data set, containing the same codon position from all the sequences in the alignment was stored as a separate entity in an array. Each pseudoreplicate was generated by randomly selecting the ''columns'' of codons from this array until a new alignment was created matching the length of the original (Felsenstein 1988) . As the bootstrap pseudoreplicates are nonindependent, standard tests of significance (e.g., t-test) are not applicable, hence, the bootstrap distribution was represented graphically (fig. 3) .
All the maximum likelihood analyses described above are conditional on a topology of a phylogenetic tree. Initially topologies were calculated for each gene using both the neighbor-joining (Tamura-Nei distance) and maximum parsimony methods in MEGA2 (Kumar et al. 2001) . Phylogenetic trees using combined X and Y sequence alignments were constructed using the neighbor-joining method to test the phylogenetic relationships of the sequences and specifically to check for monophyletic origins of all X and all Y sequences. This may not have been the case (1) if the cessation of recombination between X and Y had occurred independently in different lineages, as it was demonstrated for bird sex chromosomes (Ellegren and Carmichael 2001) or (2) if intraspecific gene conversion had overwritten X with Y or vice versa as has happened at least twice to the ZFY gene during the radiation of cats (Pecon Slattery, Sanner-Wachter, and O'Brien 2000). The first possibility seems unlikely for rodents and primates as the studied genes are thought to have become sex linked before the rodent-primate split (Lahn and Page 1999) . Additionally, to test the sensitivity of the results of the LRTs to changes in the tree topology, we reran the significant M14/M15 results using up to 47 alternative best trees generated in PAUP* (Swofford 1998 ).
Pairwise Human-Mouse X-Linked Measurements
To place the substitution rates in the UTX/UTY, SMCX/SMCY, and USP9X/USP9Y genes in context, we compared the pairwise x estimates (between human and mouse) of nine ubiquitously expressed X-linked genes possessing Y homologues with 121 other X-linked genes. To do this, the map of human-mouse orthologous loci was cross-referenced with the list of mouse and human homologous sequence pairs downloaded from LocusLink (ftp://ftp.ncbi.nih.gov/refseq/LocusLink/) using locus ID numbers common to both. This resulted in a list of GenBank messenger RNA (mRNA) accessions of human X-linked loci for which reciprocal best matches had been made with known and available rodent (mouse and rat) mRNAs. For each pair of mRNA accessions, the full GenBank entries were downloaded from the NCBI website. The following EMBOSS (Rice, Longden, and Bleasby 2000) programs were used: Coderet-to extract and translate the coding nucleotide sequence; Needle-to align each pair of protein sequences; Tranalign-to align the nucleotide sequences based on the protein alignment. The PAML program codeml (Yang 1997) was then used to estimate the pairwise x for each nucleotide alignment using the method of Goldman and Yang (Goldman and Yang 1994) . The sequence downloads, alignments, and x estimations were automated using a Perl script running on a LINUX platform. Handling and conversion of sequences and alignments were made possible with BioPerl extension modules (www.bioperl.org).
Results
To estimate the relative impacts of adaptive and purifying selection on the homologous X-and Y-linked genes, we sequenced partial coding regions of three pairs of sex-linked genes, SMCX/SMCY, USP9X/USP9Y, and UTX/UTY from up to 12 mammalian species (table 2, and Materials and Methods).
Phylogeny of New X and Y Sequences
Before carrying out any tests of evolutionary models, we examined the phylogenetic relationships of the sequences. The trees from SMCX/SMCY followed the standard primate phylogeny shown in figure 1 (Purvis 1995) irrespective of the method used. However, whilst they still separated into X and Y clades, the trees from USP9X/USP9Y and UTX/UTY were not entirely consistent with the same traditional phylogeny and also differed depending on the tree-building method used (neighbor-joining with nucleotide or amino acid sequences and maximum parsimony with nucleotide sequences). Figure 2 shows the nucleotide neighbor-joining tree using all sites in the USP9X/USP9Y alignment. The positions of the Pongo and Hylobates sequences within both X and Y halves of the tree were not as expected: Pongo clustered with Hylobates for the USP9Y, while Hylobates was closer to Homo and Gorilla than Pongo using the USP9X gene. The SMCX/SMCY sequences were substantially longer than those of the other genes (see table 2), and because we reasoned that the Y-linked genes at least, must have had the same phylogeny, we accepted the traditional primate phylogeny over any other to use in our analyses. Using the alternative phylogenies made no difference to the results of the LRTs (see below).
Testing for Heterogeneity in K a /K s (x) Among Codons Data sets for each of the six genes were analyzed separately using maximum likelihood models allowing for variable selective pressures across codons (Yang et al. 2000) . The models allow the estimation of both the K a /K s ratio (x, using the notation of the program PAML [Yang, 1997] ) for several discrete classes of codons and the proportion of codons within each class. The nested models with increasing numbers of parameters can be compared by the LRT, providing a test of whether a more parameter rich model fits the data significantly better (see Methods).
The analysis using model M0 (Yang et al. 2000 ) is similar to that from the pairwise comparisons conducted by others (Agulnik et al. 1998; Fridolfsson and Ellegren 2000; Wyckoff, Li, and Wu 2002; Bachtrog 2003) as it allowed for just a single class of codons. Consistent with previous results, the estimated x ratio for the Y-linked genes is greater than that for their X-linked homologues (table 3). The significance of this difference can be shown on a combined tree of X and Y sequences using a model allowing for separate x ratios for X-and Y-linked genes and by testing this model against the model with a single x ratio for all branches. For all three pairs of genes, the LRT showed that separate x for X and Y branches results in a   FIG. 2. -The neighbor-joining tree (Tamura-Nei distance) of nucleotide sequences for USP9X and USP9Y sequences combined. The topologies of the ape clades (boxed) in both X and Y halves of the tree do not agree with the traditional phylogeny. significantly better fit of the model to the data (P , 0.0001, table 4). Model M3 (Yang et al. 2000) takes into account the variable selective pressures across the codons by allowing for several classes of codons, with x ratios estimated separately for each class. Model M3 with two classes of codons fits the data significantly better than the model M0 for all the genes except USP9X (table 3), demonstrating that selective pressure significantly varies across the codons in five out of six genes studied. The addition of extra classes of codons to model M3 did not improve the fit of the model to the data for any of the genes (data not shown), suggesting that two classes of codons are sufficient to accommodate the variation in selective regimes among the codons.
Under model M3 with two classes of codons, the majority of the codons fall into the class with the lower x 0 ratio (table 3), reflecting the fact that most codons in these genes are under purifying selection. Interestingly, the proportion of codons falling into the class with x 0 is substantially lower in USP9Y (85.0%) and UTY (64.2%) compared to USP9X (99.0%) and UTX (83.5%). This reduction in the number of codons under purifying selection in USP9Y and UTY compared to the X-linked homologues can be either due to reduced efficacy of purifying selection on the nonrecombining Y-linked genes or due to positive selection at some codons in the USP9Y and UTY genes. The estimated x 0 for this class of codons is higher for all the Y-linked genes compared to the Xlinked homologues (table 3) . This is consistent with the results of the previous studies which reported an elevated number of amino acid substitutions in Y-linked (or Wlinked) versus X-linked (or Z-linked) genes (Agulnik et al. 1998; Fridolfsson and Ellegren 2000; Wyckoff, Li, and Wu 2002; Bachtrog 2003) and with the theoretical prediction of a reduced efficacy of purifying selection on the nonrecombining Y chromosomes , suggesting that mammalian Y-linked genes continue to accumulate deleterious mutations at a greater rate than those on the X.
To test whether the x 0 values for the Y-linked genes are significantly higher than for the X-linked homologues, we followed a parametric bootstrap approach. For each gene we bootstrapped across codons to generate distributions of x 0 (under model M3) and the proportion of codons falling into the x 0 class, p 0 ( fig. 3 ). Assuming independence of bootstrap replicates, t-tests showed that x 0Y is significantly greater than x 0X for all three pairs of genes (P , 0.001). However, the nonindependence of the pseudoreplicates may make such a test too liberal. For SMCX/SMCY ( fig. 3a) and UTX/UTY ( fig. 3b ) the ''clouds'' of values for the X-and Y-linked genes are clearly distinct, suggesting that the increase in x 0Y over x 0X is significant for these genes. On the other hand, for USP9X/USP9Y there is considerable overlap of x 0Y and x 0X distributions ( fig. 3c ), suggesting that x 0Y is not significantly greater than x 0X for this pair of genes.
Testing for Positive Selection at Some Codons
For the second class of codons, the x 1 ratio exceeds unity for all the X-and Y-linked genes (table 3), suggesting that some codons in these genes may be under positive selection. To test whether adaptive selection is indeed acting in all or some of these genes, we have to demonstrate that the x 1 ratios are significantly greater than unity (i.e., are nonneutral) for this class of codons. This can be done by comparing two nested models, one allowing for a class of codons free to take any x . 1 and the other with this class having fixed x 5 1. Models M14 and M15 (Swanson, Nielsen, and Yang 2003) implemented in PAML allow the x ratios below 1 to be distributed according to a beta distribution and thus may better account for the variation in purifying selection across the codons compared to models M0 and M3. To accommodate the codons with x ratios above 1.0, these models have a further class (x 1 ), that, in M15 is free to take any K a /K s value above 1.0, and is fixed at K a /K s 5 1 for model M14 (fig. 3 ). The comparison of M14 and M15 by the LRTs demonstrated that model M15 fits the data significantly (P , 0.05) better than M14 for UTY and USP9Y but not for SMCY or any of the three X-linked genes (table 5) , suggesting the presence of codons under positive selection in UTY and USP9Y genes. NOTE.-For each combined X and Y tree, three models were fitted to the data. The first model gave one x ratio to all branches on the phylogeny (equivalent to model 0 in previous models). The second and third models allowed two separate x ratios: one for the Y or the X-specific branches, respectively, with the rest of the tree having x 0 . In all cases a model with two different x ratios within the tree fit the data better than with one overall x 0 . Values in bold show significant values (p , 0.05).
** LRT between one x for all branches and two xs significant at P , 0.0001. To assess whether the topology of the tree that we chose affected the results of the LRTs, we ran the M14/ M15 tests for UTY and USP9Y using different tree topologies. We used PAUP 4.0 (Swofford 1998) to generate alternative trees close to the best tree topology. The trees were allowed to contain multifurcating nodes but were all rooted using the mouse sequence as an out-group. For UTY, 45 alternative trees were used. Twelve of these trees were no worse than the best tree (P , 0.05, KH test [Kishino and Hasegawa, 1989] ). None of the 45 trees failed to show the significantly better fit of model 15 compared to model 14 in the log-likelihood ratio test after these models were run for each tree. For USP9Y, 47 similar trees were used with 25 as good as the best tree (KH test, P , 0.05). Again, none of the tree topologies affected the result of the M14/ M15 ratio test, and the model including adaptive selection better explained the data for all trees.
Discussion
The accuracy and power of the phylogenetic maximum likelihood analysis to detect positive selection has been extensively tested (Anisimova, Bielawski, and Yang 2001; Zhang 2004) . Zhang (2004) demonstrated that branch-site likelihood methods (Yang and Nielsen 2002) are unreliable as they detect positive selection more often than 5% when applied to data simulated with an absence of selection. However, this does not apply to the codon-based likelihood analyses used in our paper. The site-branch methods are designed to infer selection at some of the sites along some of the branches in the phylogeny, and the authors are very cautious about these methods (Yang and Nielsen 2002) . On the contrary, the method used in our paper tests for selection on individual codon sites over an entire phylogenetic tree (Yang et al. 2000) . It was demonstrated that this approach is fairly conservative and reliable (Anisimova, Bielawski, and Yang 2001) . Models M14 and M15 (which are modifications of model M8) are much more stringent compared to M0/M3 (Anisimova, Bielawski, and Yang 2001) . Indeed, using alternative tree topologies had no effect on the result of the M14/M15 ratio tests. Thus, the rejection of model M14 for UTY and USP9Y suggests the presence of codons under positive selection in these genes.
Our results provide evidence for positive selection on single-copy mammalian Y-linked genes. Although we used three X-linked and three Y-linked genes in our study, the P values reported are without adjustment for multiple testing because the hypothesis of interest is a comparison of models for each gene, not for all of the genes. While we concur with Perneger (1998) that the outcome of the test for positive selection within SMCY is irrelevant to the outcome of the test for UTY, we have provided the means for investigators to examine the data and if desired perform corrections themselves. If the most stringent correction, Bonferroni, is used, one of the three Y-linked genes, UTY, still shows evidence for positive selection. We also applied the false discovery rate correction method (Verhoeven, Simonsen, and McIntyre 2005) , which maintains the type I error rate but which also better maintains the type II error rate (false acceptance of null). In this case, the null hypothesis was rejected for both USP9Y and UTY but not SMCY.
The detection of positive selection for two of the three Y-linked genes studied suggests that adaptive selection may not be a rare phenomenon on the mammalian Y chromosome. Indeed, an analysis of the mammalian Y-linked DAZ gene family demonstrated that the high x ratio in this gene is caused not by the absence of purifying selection, as thought before (Agulnik et al. 1998 ), but by adaptive selection at some of the codons, while most codons are under purifying selection . The DAZ gene family belongs to class II of Y-linked genes according to the classification proposed by Lahn, Pearson, and Jegalian (2001) , i.e., it is a Y-specific gene family with a male-specific function, which evolved on the Y chromosome. Such genes are probably more free to evolve new functions than the genes in this study, which match their X homologues in the breadth of expression and, to an unknown extent, function.
The causes of the positive selection on UTY and USP9Y are not completely clear. UTX/UTY and USP9X/ USP9Y belong to a small group of ubiquitously expressed housekeeping genes with active copies resident singly on X and Y. The genes in this group are under fairly strong purifying selection: the pairwise x for the mouse-human divergence for nine X-linked genes (USP9X, SMCX, UTX, UBE1X, ZFX, SOX3, DBX, RBMX, RPS4X) which retained expressed Y-linked homologues are significantly lower compared to 121 X-linked genes without active human Y homologues (P 5 0.022, Kruskal-Wallis test). Thus, it is possible that these genes retained active Y-linked homologues due to more stringent purifying selection compared to X-linked genes that lost Y homologues. Positive selection on the UTY and USP9Y but not on the X-linked copies of these genes may suggest that the X-and Y-linked copies are somewhat diverged in function. However, the X copies of these genes are not dosage compensated (Lahn, Pearson, and Jegalian 2001) , suggesting that both X and Y copies of these genes perform similar functions. Alternatively, the positive selection on the UTY and USP9Y genes may be for compensatory mutations, which maintain the function of the Y-linked genes despite the accumulation of deleterious mutations in the nonrecombining genes. Our finding that two out of three Y-linked genes studied undergo positive Darwinian selection indicates that it may be fairly common on the Y chromosomes. Previously, the elevated x ratios in the mammalian (or avian) single-copy Y-linked (or W-linked) genes compared to the X-linked (or Z-linked) homologues were interpreted as evidence for relaxation of purifying constraint on the Y chromosome (Agulnik et al. 1998; Fridolfsson and Ellegren 2000; Wyckoff, Li, and Wu 2002; Bachtrog 2003 ). Our results demonstrate that such interpretations have to be taken with caution because the situation may be complicated by the presence of adaptive selection on the Y-linked genes.
